In this work we report the genetic polymorphism of a 7-bp insertion in the 3' untranslated region of the rabbit SRY gene. The polymorphic GAATTAA motif was found exclusively in one of the two divergent rabbit Y-chromosomal lineages, suggesting that its origin is more recent than the separation of the O. c. algirus and O. c. cuniculus Y-chromosomes. In addition, the remarkable observation of haplotypes exhibiting 0, 1 and 2 7-bp inserts in essentially all algirus populations suggests that the rabbit SRY gene is duplicated and evolving under concerted evolution. rabbit / SRY gene / polymorphic insertion / duplication / concerted evolution
INTRODUCTION
The recent sequencing of the human male-specific region of the Y chromosome (MSY) revealed a mosaic of X-transposed, X-degenerate and ampliconic sequence classes [15] . While the first two classes showed a total of 18 singlecopy genes, the latter exhibited multiple copies of an additional nine genes that were mostly associated with palindromic regions. All these multi-copy genes are testis-specific and their evolution is shaped by abundant gene conversion as demonstrated by very high intra-palindromic sequence identity in humans and apes [14] . A notable exception to this pattern is the sex-determining gene, SRY, which is predominantly expressed in testes but is X-degenerate and represented by a single copy. Whereas a similar observation has been made in the house mouse, Mus musculus, evidence for two or more copies of the SRY gene in various rodent species is accumulating [5, 7, 9, 11] .
The European rabbit (Oryctolagus cuniculus) is a mammalian species native to the Iberian Peninsula that successfully colonized many regions of the world by a combination of natural and human-mediated processes [10, 12] and whose domestication was achieved during the Middle Ages [4] . Biju-Duval et al. [1] first showed the occurrence of two highly divergent mtDNA lineages in Iberian wild rabbit populations by using RFLP of the whole molecule and tentatively dated their divergence at 1-2 million years ago. Later, Branco et al. [2, 3] described phylogeographical evidence for a recent contact zone bisecting the Iberian Peninsula from the Northwest to the Southeast and suggested that postglacial population expansions from two different refugia could explain the observed patterns. Recently, we reported high levels of nucleotide diversity in the rabbit SRY gene and suggested that this result could be explained by strong population subdivision [6] . In fact, the subsequent analysis of a comprehensive sample of wild rabbits from the Iberian Peninsula showed the existence of a relatively sharp contact zone between two divergent Y-chromosome lineages, in complete concordance with mtDNA data (Geraldes et al., unpublished data) .
In this study, we describe the polymorphism and geographical distribution of a 7-bp insertion in the 3' untranslated region of the rabbit SRY that we previously identified in only one of the divergent Y-chromosome lineages [6] and use the strong population structure of Iberian wild rabbits to better understand the evolution of this sex-determining gene in Lagomorphs.
MATERIALS AND METHODS
Ear tissue was obtained from a total of 335 field-collected wild rabbits originating from 30 different populations in the whole Iberian Peninsula and southern France. In addition, a sample of 37 domestic rabbits from various breeds was also studied. Genomic DNA was isolated following standard protocols.
Initial PCR amplifications of the rabbit SRY gene followed the protocols described in Geraldes et al. [6] and confirmed the occurrence of a GAATTAA insertion between nucleotide positions 1490 and 1496, in the 3' untranslated region. Subsequently, the forward (5' to 3': CGGTGATGTGAAACACACAA) and reverse primers (5' to 3': TACAGGGAGATGCACAAACG) were developed and amplified fragments of 125-bp (absence of insertion) and 132-bp (presence of insertion). The amplification protocol included an initial denaturation at 94 • C for 5 min, 35 cycles, with denaturation at 94 • C for 20 s, annealing at 54 • C for 20 s, and elongation at 72 • C for 20 s, and a final extension step at 72 • C for 5 min. PCR products were visualized on 4.5% Metaphor agarose gels. 
RESULTS AND DISCUSSION
Routine separation of PCR products designed to amplify the GAATTAA insertion showed clear band patterns: one-banded patterns were easily interpreted and corresponded to individuals with or without the 7-bp insertion, but three-banded patterns were unexpected and more difficult to explain (Fig. 1) . These patterns were formed by both the 125-bp and 132-bp bands, as well as by an additional third band with lower mobility that was interpreted as a heteroduplex. Sequencing of PCR products displaying all three patterns confirmed this interpretation and overlapped sequences comparable to those observed in heterozygotes for autosomal markers were obtained for individuals showing three-banded patterns (results not shown). The most likely explanation for this observation is the presence of two SRY copies in the rabbit Y chromosome with a polymorphic 7-bp insertion.
The large scale application of our PCR protocol to screen the polymorphic 7-bp insertion in a comprehensive sample of Iberian wild rabbits showed notably that this polymorphism is restricted to rabbits possessing the Y chromosome lineage A (Fig. 2) . These populations, which also exhibit mtDNA lineage A [3] and correspond to the subspecies Oryctolagus cuniculus algirus, are confined to Southwest Iberia and show relatively similar amounts of haplotypes 125/125 (no insertion), 125/132 (insertion in only one SRY copy) and 132/132 (insertion in both SRY copies) (Tab. I). The distribution of these haplotypes does not show any obvious geographical pattern. In contrast, rabbit populations from Northeastern Iberia, which exhibit mtDNA lineage B and correspond to the subspecies Oryctolagus cuniculus cuniculus, do not show the occurrence of the 7-bp insertion. In addition, all domestic rabbits originated from various breeds also lacked the insertion, confirming their recent derivation from the single O. c. cuniculus subspecies. These data suggest that the 7-bp insertion arose exclusively in a rabbit population from Southwestern Iberia, after the divergence of the algirus and cuniculus Y chromosomes. An alternative hypothesis would imply a recent SRY duplication occurring only in algirus Y chromosomes. However, the observation that some individuals from both subspecies exhibit "heterozygosity" at a few nucleotide positions as well as at linked microsatellites [6] are at least two possible explanations for this observation: (i) the 7-bp insertion arose independently in the two SRY copies, or (ii) the insertion originated in a single SRY copy and gene conversion events have subsequently been responsible for its transference between copies. While the first hypothesis seems highly unlikely because the independent insertion of two identical Figure 3 . A schematic hypothesis proposed to explain the 7-bp polymorphism at the rabbit SRY locus. The coding region of SRY is represented by a white box, and the HMG domain is represented by a black box. The 7 bp insertion is located downstream from the coding region and is represented by a black bar and the letters "in". (i) The two SRY copies resulted from an ancestral gene duplication; (ii) the GAATTAA motif is inserted in the 3' untranslated region of one SRY gene exclusively in algirus Ychromosomes; (iii) this 7-bp motif is transferred to the second SRY copy by a mechanism of gene conversion. Note that subsequently (i) can also be derived from (ii) depending on the converted SRY copy.
motifs is necessarily an extremely rare event, abundant gene conversion between paralogous sequences has recently been described in the Y chromosome of humans and the great apes [14, 15] . We thus hypothesize that the 7-bp insertion occurred only once in an algirus Y chromosome, 3' to the HMG box of one SRY copy (giving rise to the 125/132 haplotype), and was afterwards copied by gene conversion to the second SRY gene (giving rise to the 132/132 haplotype) ( Fig. 3) . Given the non-equilibrium status of wild rabbit populations in Iberia due to recent demographic expansions in response to post-glacial climatic amelioration [3] , we further suggest that the patterns we observe today for the 7-bp insertion polymorphism in algirus populations are the likely result of a balance between drift (which tends to increase differences between populations) and migration and gene conversion (which tend to homogenize differences between populations).
The recent availability of the human Y chromosome sequence revealed a number of notable features of which the occurrence of multi-copy testis genes in palindromic sequences that may promote gene conversion and maintain sequence identity is probably the most remarkable. In the near future, comparisons with other Y chromosome sequences (e.g. mice as well as other species) are expected to reveal unprecedented biological insights due to the dramatic differences known to occur in the organization of this chromosome in mammals. The SRY gene may be an example of this because (i) it is a single copy gene surrounded by a unique sequence in humans, (ii) it is a single copy gene flanked by long inverted repeats in mice [7] , and (iii) it is a multi-copy gene in several African [9] and European rodents [5] . Our data on the rabbit SRY suggests that this sex-determining gene is probably duplicated and evolving under concerted evolution in Lagomorphs. The recent identification of a clone that contains this gene [8] in a rabbit BAC library [13] will hopefully allow its complete sequencing in our laboratories and the examination of the hypotheses described above.
